Abstract Posteromedial tarsal tunnel syndrome is a disorder affecting the tibial nerve or its branches. Diagnosis is established on the basis of physical examination and can be confirmed by electrophysiological evidence. However, diagnostic imaging is always required to identify the possible site of compression. High-resolution ultrasound (US) is playing an increasingly important role in the study of the nerves thanks to a series of advantages over magnetic resonance imaging, such as lower costs and widespread availability, high spatial resolution, fast examination using axial scans, dynamic and comparative studies, possibility of carrying out a study with the patient in the standing position, US Tinel sign finding, and the contribution of color/power Doppler US. We present the results obtained in a series of 81 patients who underwent US imaging between 2008 and 2013 due to posteromedial tarsal tunnel syndrome.
Introduction
Posteromedial tarsal tunnel syndrome is a disorder affecting the tibial nerve or its branches: the medial plantar nerve, the lateral plantar nerve, the medial calcaneal nerve, the motor branch to the abductor muscle of the fifth toe and/or the inferior calcaneal nerve (Fig. 1 ). This disorder is less frequent and diagnosis is far more complex than that of carpal tunnel syndrome. The etiology of posteromedial tarsal tunnel syndrome varies and the disease may affect different regions and any of the nerve branches.
Diagnosis is established on the basis of physical examination and can be confirmed by electrophysiological evidence. However, diagnostic imaging is always required to identify the site of compression. Magnetic resonance imaging (MRI) is a valid technique for assessing the peripheral nerves, including those in the tarsal tunnel [1, 2] , but high-resolution ultrasound (US) is playing an increasingly important role in the study of the nerves thanks to several advantages over MRI:
-Lower costs and widespread availability, -Superior spatial resolution compared to MRI (Fig. 2) , -Faster examination using axial scans (elevator technique) [3] , -Dynamic and comparative studies, -The patients can be studied in the standing position [4] , -Positive US Tinel sign can be detected using the probe, -Color/power Doppler US, particularly useful in patients with vascular disorders.
The role of US in this disorder has been pointed out by several authors [2, 4, 5] , but to our knowledge, there is only one study of a series of 17 patients reported in the literature, published by Nagaoka in 2005 [6] .
The present paper describes the normal US anatomy of the tarsal tunnel as illustrated also in a previous publication [4] and presents the results obtained in a series of 81 patients who underwent US imaging between 2008 and 2013 due to posteromedial tarsal tunnel syndrome.
Physical and complementary examinations
Patients with this disorder present with pain, paresthesia, hypoesthesia, hyperesthesia, muscle cramps or numbness affecting the heel and/or the sole of the foot, and the symptoms may spread to the toes. The location of the symptoms may suggest which nerve branch is affected. Pain in the heel or ankle suggests that the medial calcaneal nerve and the motor branch abductor of the fifth toe are affected. Pain in the medial border of the foot and medial toes suggests that the medial plantar nerve is affected, whereas pain in the lateral border of the foot and the lateral toes suggests that the lateral plantar nerve is affected [7] .
These symptoms mainly occur while walking, during exercise, and at night when the patient is at rest. The movements of dorsiflexion and eversion of the foot can also cause the symptoms [8] . The US Tinel sign may be detected using prolonged pressure or tapping with the probe. The symptoms can be reproduced by applying local compression using a tourniquet for the measurement of pressure, thereby increasing the local venous pressure and causing local ischemia [8] . In severe cases, there may be motor involvement, such as loss of power during plantar or toe flexion.
Physical examination may also reveal a possible deformity of the foot such as varus or valgus deformity, which may cause pain while the patient is at rest and during walking due to stretching of the nerve [7] .
Tarsal tunnel syndrome is one of the most common causes of heel pain. If US imaging does not reveal a ''classic'' etiology, typically an inflammatory condition of the plantar fascia, the tarsal tunnel should be explored. The foot may also be affected by a combination of disorders involving the plantar fascia and the motor branch abductor of the fifth toe as this condition is the cause of 15-20 % of cases of heel and/or ankle pain in young patients [9] .
Electromyography is always carried out to evaluate the function of the nerves. However, a negative outcome does not exclude possible disorders. Electromyography furthermore allows detection of polyneuritis and radicular neuropathy.
In posteromedial tarsal tunnel syndrome, the diagnostic procedure begins with a traditional X-ray examination for the detection of possible static foot disorders and bone injuries caused by fractures, exostosis or talocalcaneal synostosis. The patient should be referred to MRI and US imaging only after X-ray examination.
Anatomy and US anatomy
The tarsal tunnel is a fibrous osseous tunnel situated posteriorly and inferiorly to the medial malleolus, and it Fig. 1 Schematic anatomy of the tarsal tunnel located below the flexor retinaculum (RET) and under the abductor hallucis muscle (H ABD). The tibial nerve (NT) gives rise to a collateral branch, the medial calcaneal nerve (MCN), which is superficial, before it divides into two terminal branches: the medial plantar nerve (MPN) and the lateral plantar nerve (LPN). The inferior calcaneal nerve (ICN) also referred to as the motor branch to the abductor muscle of the fifth toe (ABD V) arises from the lateral plantar nerve at the level of division of the tibial nerve. It travels under the abductor hallucis muscle and under the arch presents a proximal and a distal floor [4, 9] . The proximal retromalleolar floor is limited by the flexor retinaculum and contains the flexor tendons, the posterior tibial tendon, the flexor digitorum longus, the flexor hallucis longus, and the tibial neurovascular bundle (Fig. 3) .
The distal floor is located below the malleolus, at the medial plantar side. It lies between the abductor hallucis muscle and its arch, which are located superficially, and the deep quadratus plantae muscle. The distal portion contains branches of the plantar vessels and tibial plantar nerves.
The tibial nerve gives rise to a collateral branch, the medial calcaneal nerve, and its two terminal branches, the medial and lateral plantar nerves. The location where the plantar branches of the tibial nerve divide may vary. Sometimes division occurs in the proximal tarsal tunnel, but more often it occurs at the entrance to the inferior distal tarsal tunnel under the abductor hallucis muscle. At US imaging, both plantar nerves are visible in the distal tarsal tunnel under the abductor hallucis muscle. The lateral plantar nerve is situated postero-laterally and the medial plantar nerve is situated antero-medially (Fig. 4) .
The medial calcaneal nerve is small. It arises from the tibial nerve, often before its entry into the tarsal tunnel. It may arise also from the proximal portion of the tibial tunnel and it travels superficially to the abductor hallucis muscle. It innervates the posterior portion of the medial aspect of the calcaneus and the posterior third of the fat pad of the foot. It is difficult to visualize it at US imaging, but it may be identified at MRI thanks to the fat signal.
The inferior calcaneal nerve, also referred as the motor branch of the abductor to the fifth toe (called Baxter's nerve or the first branch of the lateral plantar nerve in Anglo-Saxon medical literature), arises from the lateral plantar nerve or the tibial nerve at the level of division into the terminal plantar branches. The inferior calcaneal nerve travels under the abductor hallucis muscle and crosses its fascia (Fig. 5) ; it subsequently passes under the calcaneus between the calcaneus and the flexor digitorum brevis near the enthesis of the plantar fascia and joins the abductor of the fifth toe, which it innervates. This nerve can be visualized at US imaging right from the origin and can be traced under the abductor hallucis muscle and below the fascia. Visualization of this nerve is more difficult after it has crossed the plantar bundle because of the attenuation of the echoes due to the plantar fat pad. The inferior calcaneal nerve also innervates the periosteum of the large calcaneal tuberosity.
US imaging
To obtain a reliable outcome, US imaging of the tarsal tunnel and the peripheral nerves must be performed by an experienced operator, who is familiar with normal and pathological US findings. Top-of-the-range US equipment including a high frequency probe is required.
Gray-scale and color Doppler US imaging starts with axial scans of the proximal and distal tarsal tunnel on the medial side of the foot arch and with a systematic study of the tibial nerve, the two plantar nerves and the inferior calcaneal nerve. The patient should be in the lateral decubitus position.
US Tinel test should be carried out by tapping over the nerve to elicit symptoms, as a positive US Tinel sign is suggestive of a positive diagnosis of posteromedial tarsal tunnel syndrome, particularly when the symptoms are linked to possible compression elements. In some cases, the US Tinel sign may be the only positive sign in the absence of compression elements or neuropathy. In case of pathological findings, the nerve should be further studied in the longitudinal plane to confirm previous findings.
US examination also includes a systematic study with the patient in the standing position during limb loading [4] using axial scans of the proximal tunnel and the distal tunnel. The following two conditions should be investigated:
-Compression caused by bone disorders linked to static foot disorders, including compression by the medial process of the talus in valgus flat foot, which leads to pushing and stretching of the nerves; -Dilation of the plantar veins in the distal tarsal tunnel (vein diameter [5 mm) when the patient is in the standing position. Venous dilation should be suspected in the presence of positive US Tinel sign caused by compression of the veins using the US probe or if the symptoms improve when the patient is wearing Class II support soks.
US can detect muscle atrophy and significant fatty infiltration linked to a neurogenic pathology. In this case, comparison with the muscles of the contralateral foot is essential. If the patient has a disease affecting the nerve to the abductor of the fifth toe, a comparative assessment of the abductor muscles of the fifth toes may show atrophy and hyperechoic appearance of the affected foot and thereby confirm the diagnosis.
Etiology
Tarsal tunnel syndrome occurs for numerous reasons; the frequency of the different etiologies varies in the literature and a compression element is detected between 60 and 80 % [8] .
Tarsal tunnel syndrome may be caused by idiopathic conditions or for traumatic reasons (bone diseases, injuries to the ligament, thickening of the flexor retinaculum, hematoma, fibrosis, and iatrogenic damage to the nerves), tendon disorders (tendinopathy and flexor tenosynovitis), supernumerary muscles (accessory soleus muscle, medial fibulocalcaneal muscle, and particularly accessory flexor digitorum muscle [16] ) or muscle hypertrophy (abductor hallucis muscle [17] or flexor hallucis muscle of the toes). The syndrome may be caused also by bone disorders (talocrural and subastragalar arthritis and arthropathy with talocalcaneal synovitis and synostosis [10] , sustentaculum tali [11] , sequelae of fracture, change in static foot posture), expansive lesions (ganglion cysts, particularly epineural ganglions [12] , soft tissue tumors including intracanal lipomas and tumors of the nerves), vascular disorders (kinking of the tibial artery, venous aneurysms, and varicose plantar veins particularly in the distal tarsal tunnel, which is commonly reported in the literature) [2, 8, 13, 14] .
Patient population
From January 2008 to September 2013, 81 patients underwent US examination. All patients presented with clinical evidence of posteromedial tarsal tunnel syndrome; 53 women and 28 men; mean age 50.5 years (range 19-78 years).
In 18 patients, the disease was localized in the proximal tarsal tunnel, in 47 patients in the distal tarsal tunnel, and 16 patients had the disease in both the proximal and the distal tarsal tunnel.
The outcome of electromyography was available in 25 patients, positive in only 13 cases.
Etiology
The aim of US imaging is to identify the cause of posteromedial tarsal tunnel syndrome and confirm clinical diagnosis. In our experience (Table 1) , US outcome is rarely normal in these patients, and in the vast majority of cases, a compression element is detected. Some patients present multiple etiologies.
US outcome: normal or neuropathy (n = 12) US did not reveal compression elements or neuropathy in five patients. Of these patients, one had polyneuritis, one patient resulted positive to US Tinel test performed on the lateral plantar nerve, and one patient felt pain at the inferior calcaneal nerve, although US revealed no abnormality.
Neuropathy without compression element was found in seven patients: affecting the tibial nerve in four patients, the lateral plantar nerve in one patient, the medial plantar nerve in one patient, and the inferior calcaneal nerve in one patient. Neuropathy was characterized by hypoechoic thickening of the nerve. Diagnosis can be confirmed by measuring the axial surface of the nerve and compare with that of the proximal and distal portion of the nerve or to that of the contralateral foot (Fig. 6) . Unlike the carpal tunnel syndrome, there is no reference value in tarsal tunnel syndrome, which is quite logical because the level of compression varies and the disease can affect different portions of the tibial nerve as well as its collateral branches.
Vascular disorders (n = 26)
The most frequently diagnosed disorder in this patient population was varicose plantar veins in the distal tarsal tunnel, detected in 21 patients. Venous dilation increased with the patient in the standing position. The veins are considered as dilated when they measure [5 mm in diameter, are tortuous and with signs of venous stasis ( Fig. 7) . Echopalpation of the veins may trigger the symptoms. This venous disease has been described in the literature over the years [13, 14] and it seems to be the most common cause of tarsal tunnel syndrome; it was detected in 13 % of patients in a literature review examining 186 cases [8] . In our series, two patients presented aneurysm of the tibial vein while one patient had kinking of the tibial artery, which trapped the nerve thereby causing the symptoms; this etiology has already been described in the literature [15] .
One patient had a thrombosed plantar vein associated with pain and very strong signs of neuropathy affecting the plantar nerves. One patient presenting with acute heel pain (Fig. 8 ) had thrombophlebitis in a satellite vein of the inferior calcaneal nerve in the tarsal tunnel.
Muscle disorders (n = 7)
According to the literature [16] , the accessory flexor muscle of the toes is a common cause of posterior tarsal tunnel syndrome. In our series, this disorder was detected in five patients (Fig. 9 ). This accessory muscle travels beneath the flexor retinaculum in the tarsal tunnel, satellite of the tibial nerve and the two plantar nerves and ends on the quadratus plantae muscle. Also, this muscle is identifiable at US imaging.
One patient presented with compression of an accessory soleus muscle (Fig. 10) and one patient presented significant hypertrophy of the abductor hallucis muscle (Fig. 11) , which was confirmed by comparison with the contralateral foot. This condition is already reported in the literature [17] .
The most common cystic disease is epineural ganglion cyst, which was detected in 6 of the 81 patients. These cysts may affect the tibial and plantar nerves (Figs. 12, 13 ) and also arise in the posterior subtalar compartment, but the origin is not always clear. In one patient, an epineural ganglion cyst was identified arising from the distal portion of the lateral plantar nerve causing substantial neurogenic damage to the intrinsic muscles. MRI showed an edema in addition to severe muscle atrophy due to denervation. MRI evidenced more accurately than US imaging the epineural ganglion cyst arising from the Lisfranc joint.
One patient had a cyst of the tenosynovial sheath of the flexor muscles and two patients had arthrosynovial cysts of the posterior subtalar recess.
Tumors (n = 9)
Neurogenic tumor was the cause of symptoms in three patients. In two patients, the tumor affected the tibial nerve and in one patient, the inferior calcaneal nerve. One patient had angiomatous capillary-venous malformation developed in the tarsal tunnel. Five patients had lipoma in the distal tarsal tunnel with consequent compression of the inferior calcaneal nerve (Fig. 14) ; the etiology of this lesion is described in the literature [18] . These patients presented with ankle pain, pain in the posterior portion of the foot and sometimes a palpable, painful swelling. US imaging showed a hypo-or hyperechoic nodular lesion, and the lipomatous nature of the lesion was therefore difficult to diagnose at US. In these five patients, diagnosis was confirmed by MRI.
Static foot disorders and bone diseases (n = 20)
Valgus flat foot is the leading cause of posteromedial tarsal tunnel syndrome. According to the literature [8] , the etiology is very common and in our series this abnormality was revealed in 16 patients (Fig. 15) . Sensitivity of US imaging increases when the examination is performed with the patient in the standing position. In this way, the medial process of the talus comes into contact with the distal portion of the tibial nerve and the plantar nerves, which are compressed. Physical examination and radiography during limb loading confirmed the diagnosis.
Tarsal tunnel syndrome was caused by fracture of the calcaneus (Fig. 16 ) in two patients and by exostosis on the sustentaculum tali in one patient. In these three patients, computed tomography (CT) was performed to confirm the bone disease.
One patient had talocalcaneal synostosis, a disease which is well described in the literature [10] . Diagnosis was established at US imaging [6] , which showed a prominent bone structure and absence of the posterior subtalar joint space.
Iatrogenic disorders (n = 6) Four patients had surgical injury to the tibial nerve or its branches: in one patient after surgical treatment of the posterior junction, in three patients after treatment of posterior subtalar arthrodesis. US imaging showed the nerve lesion and its location (Fig. 17) .
Two patients presented with pain in the area of the tibial nerve: in one patient linked to compression by a hematoma (after removal of a lipoma of the posteromedial border of the foot) and in one patient linked to extensive post-surgical fibrosis after surgical treatment of posteromedial tarsal tunnel syndrome (Fig. 18 ).
Particular cases (n = 5)
Four patients presented with a combination of heel pain, inferior calcaneal nerve pain, and enthesopathy of the plantar fascia.
One patient presented with clinical signs and symptoms of posteromedial tarsal tunnel syndrome, but the pain was caused by a schwannoma of the tibial nerve located in the distal third of the leg. The lesion was detected at US imaging and confirmed at MRI (Fig. 19) . 
MRI
In 27 patients, MRI was performed in addition to US imaging. MRI was performed in patients whose US outcome was normal, in case of diagnostic discordance between the clinician and the US operator, if US imaging did not provide a clear diagnosis and particularly in patients with suspected expansive lesions. In 17 of these patients, MRI confirmed US outcome. In two patients, MRI provided additional information on neurogenic myopathy, which was not identified at US imaging: one patient had edema as the only sign of denervation of the quadratus plantae muscle; one patient had an epineural ganglion cyst arising in the lateral plantar nerve with muscular atrophy of the intrinsic plantar muscles innervated by the lateral plantar nerve.
MRI delivers better quality images of the soft tissues than US imaging, and MRI was therefore useful in the characterization of the fatty nature of the lipomas located in the distal tarsal tunnel. MRI outcome was normal in nine patients. In five of these patients, US imaging revealed no pathology, but in four patients US imaging revealed pathologies, which were not visible on MRI: in one patient, US revealed medial compression of the talus bone linked to valgus flat foot, in one patient tibial vein aneurysm, in one patient the presence of varicose plantar veins and in one patient isolated neuropathy of the tibial nerve identified through comparison with the contralateral foot.
Surgical treatment
To date, 23 of the 81 patients have undergone surgery and there has been no case of discrepancy between US imaging and surgical findings, which confirmed nerve compression evidenced at US imaging. Patients with posteromedial tarsal tunnel syndrome are referred to surgical treatment only in severe cases, particularly if the patient presents with debilitating symptoms, if electromyography shows significant changes or a compression element is detected at US imaging. In other cases, medical treatment may be appropriate, including orthotic devices and/or podiatric treatment if the patient has static foot disorders, support soks in case of varicose veins or infiltration of cortisone derivatives.
Limitations of US imaging
Like all other diagnostic imaging methods, US imaging presents some limitations. The method is operator dependent and requires a relationship of mutual trust between the patient's general physician and the US operator. The images transmitted to the clinician should be understandable and sufficiently explained. Transmission of commented video files may also improve the quality of information provided to the clinician and improve comprehension.
Unlike MRI, US imaging cannot detect muscle edema caused by denervation. Diagnosis of atrophy and fatty infiltration of the muscles is more difficult on US than MRI and requires comparison with the contralateral foot. In case of soft tissue mass, US is not sufficiently accurate and must be supported by MRI using intravenous injection of gadolinium. US imaging provides information on the morphology, but not on the severity of the neuropathy and the impact on the nerve, and it cannot evaluate the function of the nerve. On rare occasions, the usefulness of US imaging may furthermore be reduced, e.g., in patients with limited echogenicity or in very obese patients. 
Conclusions
US imaging generally permits a reliable study of the posteromedial tarsal tunnel, and in the present study, US revealed compression elements in 84 % of cases. In the absence of compression elements, US imaging can detect neuropathy and/or US Tinel sign, which may confirm clinical diagnosis. The US technique has numerous wellknown advantages: high spatial resolution, faster examination using axial scans (''elevator technique''), and the possibility to study patients during limb loading, which is very useful in the diagnosis of varicose plantar veins and in the investigation of pain due to nerve injury associated with static foot disorders. These two disorders frequently occurred in the present patient population (21 and 17 cases, respectively). Other common causes were cysts including epineural ganglion cysts (six patients) and the presence of an accessory flexor digitorum longus muscle of the toes (five patients). The present series highlights the importance of a systematic evaluation of the distal tarsal tunnel, which is the site of the disease in more than 50 % of cases.
In US and MRI evaluation of heel pain, the tarsal tunnel must be studied systematically, particularly if no other cause has been detected, including plantar fascia disorders, which may be associated with the neuropathy.
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